In this paper existing 'knowledge of the respiratory metabolism of the sheep is sunima~ized briefly, the outstanding problems are revealed and the first of a series of experimental investigations of the physiology of energy utilization by the sheep is reported. The main experiment comprised a series of critical determinations of the complete energy balance sheets of seven mature Merino ~wes,~ach observed at ' five levels of food intake which extended from approximately t maintena~ce to 2 maintenance.
I. INTRODUCTION
Lavoisier's observation that his colleague Seguin consumed more oxygen after eating a meal (Seguin and Lavoisier 1789) revealed a fundamental physiological problem which has not been satisfactorily solved. A little over half a century after this, the discovery that carbon dioxide prod~ction increases under similar circumstances (Scharling 1843) rendered more simple the experimental investigation of the phenomenon, and then only a few years elapsed before both the basal metabolism and the increase in heat production which supervenes on feeding were defined. Edward Smith, after observing the rate of elimination 'of carbon dioxide by human subjects under a variety of conditions, concluded that" ... there is a normal (basal) level below which the system does not pass in health and wakefulness and which is tolerably uniform ... in complete abstinence from food . . . " and he expressed the view that " . . . foodstuffs may fitly be divided into two classes, viz. those which excite certain respiratory changes and those which do not." (Smith 1859a (Smith , 1859b .
A great deal of experimental effort during the latter half of the 19th century and up to the present day has been devoted to the task of explaining the origin of these respiratory changes which reflect the increase in heat production that supervenes in all animals after food has been ingested, but no adequate theory of the mechanisms responsible has been forthcoming. Neither the Verdauungsarbeit hypothesis (von Mering and Zuntz 1877) nor the plethora theory (Lusk 1928 ) affords a satisfactory explanation, and the extensive literature based on Rubner's concept of specific dynamic action provides, in its present form, an analytical description of the phenomenon rather than a complete explanation of the underlying mechanisms.
Although the experiments described here bear directly upon this problem, they were undertaken to meet a purely practical end. The provision of rations for the maintenance of flocks during the periodic droughts experienced in the pastoral areas of Australia entails long and expensive haulage, and so it is essential for economic reasons that rations which might serve this purpose should he as concentrated as possihle. With this in view a comprehensive study was made of a mixed fodder which would supply in relatively small hulk the materials essential for the complete nutrition of the sheep. The investigation led to the determination of the extra heat production which 'supervenes when the ration is fed, for ohviously the energy dissipated in this way must he considered a dehit in the matter and energy halance sheet when an assessment is made of the' capacity of the fodder to provide for the animal the energy necessary to support its living processes.
The fact that foodstuffs differ widely in their ahility to induce extra heat production in the animal organism was recognized hy physiologists early in the history of this suhject, hut it was overlooked in the first attempts to evaluate the capacity of a fodder to provide energy to farm animals. Kellner, who in his earlier writings* failed to appreciate that heat production is not an end hut an incident of metaholism, assumed the function of the maintenance ration to he the provision of fuel for the support of hody temperature and so concluded that the fodder would have two distinct values, its capacity to provide the energy for maintenance and its capacity to provide the energy for production of hody suhstance (Kellner 1905) . Armshy, however, dismissed the conception (Kellner and Kohler 1900) which led to this conclusion hy demonstrating unequivocally that only 60 per cent. of the metaholizahle energyt of a suh· maintenance ration actually contrihuted to the quota of energy necessary to sustain life in an ox; the remainder merely increased the heat production which was already sufficient to maintain the animal'shody temperature (Armshy and Fries 1903) .
The quota of the availahle energy that is dissipated as heat without apparently serving any useful purpose in metaholismt is, however, still con· sidered to vary with the level of intake (d. Forhes and Voris 1943) . This con· clusion is not convincing. It is hased on an apparent difference in the relation· ships hetween food intake and heat output ahov~ and helow the maintenance level. The metaholic phenomena at suhmaintenance levels are complicated, and the means of computing the heat increments under these conditions are inadequate if fasting metaholism is used as a hase. When the availahle energy of the fodder is insufficient to provide for . the energy requirements of the animal,
II. THE EXPERIMENT (a) The Experimental Regime "
The experimental animals were fed at each level for a period -of 10 weeks, the collections from which the balance data were derived being made during the 14 days of the 9th and 10th weeks of this cycle. Immediately before and after each collection period the animal spent two periods each of 2 days in the respiration chamber of the calorimeter. When the balance and heat production estimations were completed, food was withheld for 3 days and the heat production during fasting was determined over the 24 hr. of the 4th day of fast. Food was then provided, the ration being altered to the next level and the cycle repeated. During each pre-period the animals had ample time to establish a steady nutritional state. Wool growth was estimated by shaving patches (15 em. by 10 cm. ) delineated by tattoo lines on either shoulder. The relationship between this and the nutritional plane will be discussed in another publication, Of the 8 animals treated in this way, 4 were fed at ascending , and ' 4 at descending' planes of nutrition, the range of intakes extending in stages from t maintenance, through maintenance and 1 t maintenance to 2 maintenance. After *H. P. Armsby's term "net energy" was defined by him as "the metabolizable energy minus the expenditure of energy by the body which results from the ingestion of food" (Armsby 1917, pp.279·80 ). Forbes's more comprehensive definition is: "The total of the expenses and losses of food utilization in terms of energy subtracted from the gross energy of the food yields the net energy I;Ivailable for maintenance and production, and these expenses and losses are (1) the potential energy of the vi~ible excreta and of the methane produced by carbohydrate fermentation, and (2) the heat increment-this latter comprising not only all direct expenditures of energy in prehension, mastication, deglutition, fermentation, rumination, peristalsis, digestion, transportation, anabolism, dynamic stimulation and excretion, but also of any -direct increase in the heat production either through voluntary or involuntary activity which h~s resnlted from the consumption of food," (Forbes et aZ. 1928) .
ENERGY TRANSACTIONS IN THE SHEEP 97 this programme was completed the nutr. itional plane of some was raised. an' d that of others lowered to levels within the range between maintenance and 2 maintenance to provide further data. The same pre-period to establish a stable state was adopted with these. Subsequently the experimental animals were employed in a study of the influence of the nutritional , status on the, fasting metabolism., The components of the fodder were 5 parts of crushed grain (wheat), 4. parts of finely chaffed, good quality lucerne h~y, ,and 1 part of cane moiasses. Thes. e were heated with steam, intimately mixed, and then compressed into cubes (approx. 2 cm. S ) by ,means ~f ,machinery used to prepare concentrates. employed by the pastora~ industry for the supplementary feeding of sheep. The finished cubes were then dried and stored in iron bins. *
The fodder in this form was easily handled and readily sampled. It was evidently very palatable as the animals avidly sought it and consumed within 2-3 hr. the whole of the rations offered each day.
As care was taken to mix the large batch of material from which the cubes were made for this experiment, the composition was reasonably constant. However, during the collection periods, samples were drawn daily from each ration offered and it is from analyses · of these samples that the nitrogen and gross · energy intake figures discussed elsewhere were derived. Analyses of a composite sample drawn from the whole batch yielded the following figures: crude protein (N x 6.25) 14.4 per cent., crude fat (ether extractive) 1.7 per cent., crude fibre 8.7 per cent., and ash 4.75 per cent. The material contained 7.3 per cent. of cellulose, 3.9 per cent. of lignin, and 43 per cent. of starch. The "total fermentable reducing substances" estimated as glucose after acid hydrolysis was 53 per cent., the free glucose 0.9 per cent., and sucrose 5.8 per cent. The · concentration of carotene ,was 7.8 mg./ kg. The major ash con~tituents were: calcium 0.54 per cent., phosphorus 0.36 per cent., sodium 0.033 per cent., potassium 1.39 per cent.; and among the mino~ constituents were: copper 9 f'g. / g., and cobalt 3 f'g./g.
Common salt and some extra calcium were provideq in addition, and once a week 15 mI. of cod liver oil was administered to ea, ch animal. These adjuvants were omitted during the periods when the excreta were collected.
(c) The Experimental Animals
Eight mature, strong-wool Merino ewes (Anama strain), aged approximately 3t years at the beginning of the experiment, were ~mployed. These animals which were of equable temperament were trained for a period to accustom them to the environment of the metabolism cages (Marston 1935 ) from ·We are indebted to Messrs. Thorpes Ltd., Sydney, who prepared this material at oui' direction and presented it to the Division for this experiment.
which, during the 15 months of the experiment, they were absent only for the occasional brief periods which they spent in the respiration calorimeters. Other than one which sickened and was removed early in the experiment they remained healthy and vigorous during the whole term. They accepted the conditions and when they had become accustomed to the cages they spent most of the day reclining in their natural posture of repose. They remained alert, however, and although they became very tame with the attendants, intrusion of a stranger into th.e annexe in which they were housed would cause all to stand and to show their displeasure by adopting an attitude of defence. They were fed at noon, and it was their habit to consume the rations within 2-3 hr. They showed no dislike of the conditions in the respiration chamber and behaved as if they were in the metabolism cages to which they had become accustomed. It is evident that sv.eep of this strain are temperamentally suited to the critical experimental conditions demanded by energy balance studies, for they clearly feel secure in close quarters and readily accept the exacting regime required for successful experiments.
(d) Collection of Urine and Faeces
At the beginning and end of each collection period the animal was induced to void its urine by the simple and rarely failing device of holding its nose for a few seconds so as to render breathing more difficult. This treatment almost invariably leads the animal to micturate when released. Although a catheter may be passed' with ease in the ewe, this means of draining the bladder was employed only on rare occasions, and then with strict aseptic precautions to preclude infection.
The 24-hr. samples of urine were combined and preservatized. At the end of the 14-day collection periods the total volume was measured and aliquots drawn for chemical analysis, etc.
The freces were dried each day in an apparatus designed to prevent the 10s8 of volatile nitrogenous constituents. *
The total dry weight of the freces passed during the period was determined and the samples for chemical analysis and combustible energy determinations were drawn and reduced to 100 mesh in a e. and N. Mill. At each stage samples were. withdrawn for moisture checks, all analyses being referred to constant weight at lOSoe.
(e) The Determination of the Combustible Energy and Nitrogen Content of Excreta
The combustible energy of the freces and of the urine was determined with an Emerson oxygen bomb calorimeter fitted with an adiabatic jacket. In the preparation 'of samples for the estimation, accurately weighed pellets (approx. 2 g. dry wt.) of the , dried, finely ground freces were compressed around the fuse *This apparatus will be described in detail elsewhere.
wire by means of a die; the urine (20-50 ml depending on the dilution) was dripped slowly into a light platinum capsule, 2.5 cm. in diameter, and evaporated to dryness in a stream of hot dry air, the rate of delivery into the capsule being arranged so that only sufficient urine to cover the bottom of the capsule was allowed to accumulate. The samples were fired electrically in oxygen at 300 lb./ sq. in. In some cases when complete oxidation of the urine was difficult to achieve, a weighed quantity (1 g.) of pure sucrose was added to the capsule before the urine was admitted and the heat of combustion of the added sucrose was deducted later from the observed calorific value of the mixture.
Nitrogen was determined in the urine and freces by the Kjeldahl method, heating of the digest being continued for 8 hr. after the mixture had cleared.
Three samples of each were assayed for combustible energy and nitrogen, and the results were within ±0.5 per cent.
(I) The Respiration Calorimeters
Two open-circuit respiration calorimeters of practically identical design were employed for the estimation of heat production of the sheep. Since Lines (1938) described the first of these, several modifications of the mechanical parts have been introduced to ensure greater reliability, and a number of attachments have heen added to increase the scope and convenience of the apparatus.
The general arrangement is indicated in Figure 1 . The stall occupied by the animal is very similar to that of the metabolism cage (Marston 1935) , and the arrangement of the food and water troughs and the means for separating and colJecting the freces and urine are the same. In consequence, an animal which has become accustomed to the metabolism cage is not disturbed by the environment of the calorimeter. A second ration is held in a hopper, from which it may be released into the feeding trough at will without opening the chamber.
When lowered, the cover of the chamber rests on a sponge rubber gasket immersed in a water trough to ensure a complete seal. It then encloses an air space of approximately 2 cubic metres. The atmospheric conditions within the chamber are controlled by circulating the air through a conditioning device described by Lines (loc. cit.) and by electric heaters operated by a Minimax thermograph and regulator. The former serves mainly to reduce humidity-it is not of sufficient capacity to lower the air temperature more than a degree or so when the external temperature is high. To minimize radiation the whole of the exterior of the chamber, excluding the plateglass window at the top through which the interior is illuminated, is insulated with a thick layer of felt covered with painted canvas.
A device which records the number of times the animal rises from its natural posture of repose and the duration of the periods spent in standing has been added. The path of a light beam which falls on an emission-type photocell is interrupted when the animal is standing, and an electronically . operated mechanism registers by an impulse meter the number of interruptions of the beam and an electric clock records the duration of these iuterruptions.
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The stream of air which ventilates the chamber is taken from outside the annexe in which the calorimeter is housed. It is thoroughly mixed in the chamber by passing through the conditioning circuit. The effluent stream is drawn through a spray-tower where it is saturated with water vapour and brought to an even temperature. thence it passes through two standardized wet-type gas meters, the first of which is p, rotected against heat exchange by an insulated box and is used as the volume recorder; the second acts as a check to indicate any gross fault in the operation 'of the first. Tqe r~te of ventilation (between 1,200 and 1,500 l.j hr), which is kept constant with a flow regulator, is arranged so that the increase of CO 2 partial pressure within the chamber never exceeds 1 per cent., at which level respiration of the animal is not stimulated. The temperatures at which the estimations are made are not allowed to fall below 18°C. nor to exceed 32°C.-within this range of temperature and of the humidities which prevail in the chamber the animal is able to regulate its body temperature without any stimulation of its heat production.
Samples of the effluent air stream are drawn over mercury at a constant speed with a sampling device operated by a synchronous motor. As the rate of flow of the stream from which it is drawn is constant, the sample represents a true aliquot. Bailey bottles (Bailey 1921) are used to transfer the samples to the volumetric gas analysis apparatus.
The overall efficiency of the apparatus is tested periodically by burning alcohol in the chamber. The Mariotte-bottle lamps used for this purpose are regulated to burn the fuel so that the O 2 consumption and CO 2 production · will F~g. I.-The main .features of the respiration calorimeters used for the determination of the heat output of the animals may be gathered from this diagram of one of them. The pen is hinged in front to allow access to the apparatus for separation of uriDe and freces. The food bin is removable; it slides' on the top rails and so affords a means of altering the space within the pen. The water trough attached to the off·side of the cover is not shown. ' The heating elements · and fan indicated beneath the · food bin comprise a unit which may be removed' at will to allow access to the pen. The cover of the chamber is fitted with subsidiary gear for recordin,g and regulating the air temperature within the chamber; for indicating the movements of the animal; and for inspection of the animal and introduction of tubes etc., whim the animal is enclosed in the chamber. The devices for sampling, metering, etc., are indicated in elevation. ;The emuent ' air stream is saturated with water vapour and brought to constant temperature in the spray tower and then measured in the two wet gas meters. The rate of ventilation is kept constant by the regulating device shown between the meters and the air pump. The aliquot sample (300 mI.) for the volumetric determination of CO 2 increase and 0 2 deficit is drawn at constant sf,eed over mercury by the apparatus shown. This sample is freed from water vapour before colleetion. The sample for the gravimetric estimation of CO 2 and CH 4 is drawn at constant speed ,by a large tonometer (l00 I.). This sample is first freed quantitatively from H 2 0 and then passed into a chain of U.tubes in which the CO 2 is absorbed .
• It then passes through a silica tube packed with cupric oxide maintained at 720°C. in an electric furnace, and thence to another series of U·tubes in which the H 2 0 and CO 2 arising from the combustion of the inflammable gales are absorbed. The mechanical arrangements are robust in design so that they may be run continuously for periods up to a fortnight or more.
be approximately that of the sheep. Recoveries of between 98.5 and 100 per cent. are obtained. The lower figures are mainly due to incomplete combustion, as CO2 and H 20 arising from unburned alcohol are recovered under these circumstances in the absorbers of the methane combustion chain.
(g) The Gas Analyses The aliquot sample of the effluent stream from the chamber is analysed for CO2 and O2 in the modified Carpenter-Haldane apparatus (Carpenter, Fox, and Sereque 1929) . In the observations reported in this paper three analyses of each sample were made immediately subsequent to a critical analysis of the outside air. This practice is adopted to ensure that the apparatus is in satisfactory working order before proceeding. The CO 2 concentration was estimated to ±0.003 per cent., and the O2 to ±0.005 per cent. The experimental error arising from gas analyses was thus considerably less than ±1 per cent. The volumetric estimate of CO2 concentration was checked by gravimetric analysis.
(h) The Gravimetric Estimation of Methane and of Carbon Dioxide
The CH4 and CO2 evolved by the animal are estimated in a large integral aliquot (50-75 1./ 24 hr.) drawn from the effluent air stream by means of a calibrated tonometer in which the water level is lowered at a constant speed with an overflow mechanism operated by a synchronous clock motor. As the tonometer works at a slightly negative pressure, the extent of which depends on the closeness of the packing of the adsorbents, the ~bserved volume is corrected from the water barometer prior to reducing to N.T.P. and correcting for water vapour pressure. The total volume of dry gas at N.T.P. drawn from the ventilation stream is derived from this by adding to it the sum of the volume of the CO 2 absorbed plus three times the volume of the CH 4 , as 2 vol. O 2 are removed together with 1 vol. CH 4 when the products of the complete combustion of CH4 are absorbed. The rate at which the effluent stream is drawn through the absorption . and combustion chain is between 2 and 3 l./ hr., and this is welJ within the tolerance for comp~ete oxidation and quantitative absorption. After complete removal of the H 2 0 by H 2 S0 4 and anhydrous magnesium perchlorate (anhydrite) the CO 2 is absorbed in soda-asbestos (ascarite 100) in a chain of large U-tubes, guarded on either side by tubes containing anhydrite. The CO 2 content of the effluent air is computed from the gain in weight of the CO 2 absorbers and the corrected volume drawn by the tonometer.
The CH 4 is estimated by passing the H 2 0-and CO 2 -free effluent stream through a silica tube packed with copper oxide maintained at 720°C. (cf. Lugg 1938) and thence through a chain of small U-tubes packed, in . o~d~r, with anhydrite, P 2 0 5 , soda-asbestos (2), and P 2 0 5 • The increases in the H 2 0 and CO 2 absorbers are corrected for H 2 0 and CO 2 arising from the small quantities of inflammable gases normally present in air which, according to Lugg, are approximately 4 p.p.m. H2 and 2 p.p.m. CH 4 • Within the small limits of the experimental errors of the experiments under discussion the ratio of hydrogen to carbon in the inflammable gases as inferred from the H 2 0 and CO 2 produced by combustion was 4 : J, and there was no doubt that CH 4 was the only inflamm· ahle gas produced by the. animals. There was, however, ample evidence of free hydrogen in the efHuent stream from one anima~ which sickened and was removed from the experiment.
(i) The Computatio';' of the Heat Production from the R espiratory Exchange
The heat production of the fed sheep was estimated from the observed O 2 deficit and the increased CO 2 and CH 4 concentrations in the air stream emerging from the respiration chamber, and the nitrogeQ in the urine, by a method based essentially on the procedure of Zuntz and Schumburg (1901) but modified to account for the combustible energy of the CH 4 arising from the fermentation of carbohydrate in the alimen. tary canal of the animal.
The determination of the heat produced by the ruminant entails special problems, as the greater proporti~n 9f the available energy from the carbohydrates of the fodder is derived from fatty acids produced by the fermentative activity of the rumen microflora. The chemical changes which result from fermentation in the rumen are exothermic (Marston 1948 ) and so it is not feasible to separate the heat produced by the animal itself from that produced by the microorganisms concerned with the fermentations in its alimentary canal. Nor, on account of the fact that CH 4 , which is formed from the fermentation of carbohydrate, is evolved, can the overall heat production of the animal and its flora be determined from the respiratory exchange by methods that have been established and amply proven to be applicable to the determination of the heat production of animals with simple stomachs in which the production of inflammable gases is negligible. The latter difficulty may be overcome by computing the total heat production which would result if the CH 4 were completely oxidized along with the other products of rumen fermentation and subtracting from this total the heat of combustion of the CH 4 • To achieve this end, Andersen (1920 Andersen ( , 1922 suggested that the O 2 deficit be increased by the O 2 (2 vol.) necessary to oxidize completely the CH 4 , and that the CO 2 evolved be increased by the CO 2 (1 vol.) which would result from this oxidation, and that the R.Q. and O 2 deficit derived from these augmented figures be used to compute the total heat that would be produced if the whole of the carbohydrate involved in the metabolic transactions of the animal and its flora were burnt . . The actual heat output may then be determined by subtracting from this total the heat which would result if the CH 4 were oxidized.
The heat output computed in this way is a thermodynamically valid estimate, but it should be realized that it is a measure of the overall heat output, i.e. the sum of the heat , produced as an end result of the metabolic processes of the animal organism and the heat evolved by the fermentative activities of the symbiotic microflora of its alimentary canal; and there is no apparent, direct means ~f separating these two factors. An assessment of the "free energy" of the anaerobic dissimilation of cellulose by these microorganisms, computed from the combustible energy 'and carbon balance sheets of in vitro fermentations, suggests that the heat produced by the activity of the microllora in the rumen is in the vicinity of6 per cent. of the combustible energy of the carbohydrate fermented (Marston 1948 ). This energy would be an integral part of the heat increment 'of the fodder as it is valueless in the economy of the animal other than when the environment is such that the animal dissipates more heat than is produced in the normal course of its metabolism.
The heat arising from the katabolic oxidation of protein was computed from the urinary nitrogen, and for this purpose Loewy's (1911) Mollgaard (1929 ) which is 4.639 kg. cal./ I. O 2 or 28.1 kg. caI./ g. N. Loewy's figures were computed from careful analyses of muscle protein and may possibly be low when the heat arising from the oxidation of vegetable proteins is considered, but in the assessment of the total heat produced by the fed animal these differences are not cogent. If protein katabolism were ignored altogether and the heat production were derived directly from the observed R.Q. and O 2 deficit by means of equation (3) (vide infra), the error involved in the computed heat production of any animal reported in this paper would not exceed 1.4 per cent. * and so the error which would result if any of these other estimates of the heat of combustiop of protein were substituted for those of Loewy would amount to only a small fraction of 1 per cent.
The actual procedure employed in computing the heat output of the fed animals is as follows:
The corrected non-protein respiratory quotients (R) reported in Table 4 ~ere derived from the expression:
where CO 2 = I. C0 2 eliminated/ 24 hr. (1) the factors 4.76 and 5.94 being respectively the CO 2 arising from, and the O 2 consumed in, the oxidation of an amount of protein equivalent to 1 g. urinary N.
-The R.Q. of katabolized protein is 0.802 and the heat evolved is 4.463 kg. caI./ I. 0 2 (Loewy 1911). The heat evolved by a mixture of fat and carbohydrate wJUchwould have the same R.Q. (0.802) is 4.803 kg. caI./I. 02 (Zuntz and Schumburg 1901) . As the greatest contribution that protein katabolism made to the total heat output of the animals at any nutritional level reported here was' <20 per cent., the error involved by d'isregarding protein katabolism and computing from equation' (3) would be 7 per cent. of this, i.e. <1.4 per cent. '
The heat production (M) of the fed animal (plus that produced by its aymbiotic microflora) was derived from· the expression:
where the constant 1.23 is the difference between the heat evolved per l. O 2 in the oxidation of carbohydrate (S.047 kg. cal.) and the heat evolved per l. O 2 in the oxidation of fat (4.686 kg. cal.) divided by the difference between the R.Q. of fat (0.707) and the R.Q. of carbohydrate (1.00). The heat of combustion of CH 4 = 9.44 kg. cal./ I. and the heat evolved when protein is oxidized in katabolism is 26.S kg. cal./ g. N.
The simplified equation (3) was used for the determination of heat production when the animal was fasting as the precise estimation of the urinary N was not feasible. Typical data and the computations of the heat production are set out in Protocol A. 
(j) The Body Weight and Parameter for Comparison
The assessment of the body weight of the experimental animals is, with little ·doubt, the most uncertain of any of the measurements involved in these experiments. In order to reduce the · "inert" mass of the material in the alimentary canal to a small and reasonably constant amount, ihe animals were fasted and 80, unless otherwise. indicated in ~he following discussion, W is the sheep's body weight in kilograms, observed 96 hr. after feeding, and from which is subtracted the weight of its fleece. During the first 4 or 5 days of complete abstinence from food the sheep rarely takes a drink, and so during this time a large proportion 107 of the considerable volume of wa~er in its rumen. and intestine is absorbed and voided in the urine. The w,eight of fleece was known in these experiments-the wool grown on areas of 150 cm. 2 which were delineated by tattoo lines on either shoulder of each animal was c911ected and weighed every 14 days and the total production computed from this.
In seeking a parameter to relate the metabolic rates of experimental animals of different sizes, the surface law as expJ,'essed in Max Rubner's classic treatise "Die Gesetze des Energieverbrauchs bei der Ernahrung" (1902) was set aside in favour of the exponential WO. 73 • The former basis for comparison which is still in current use is seemingly a vestige of the idea that a causal relationship exists between the heat production of a homeotherm and the maintenance of its body temperature. This apparent connection between surface area (which varies exponentially with the body weight) and the respiratory exchange was appre-. ciated and loosely defined as early as 1839 (Robiquet and Thillaye 1839) to explain the lack of any direct dependance of oxygen consumption on the body weight. There seems, howev.er, no good reason to believe that the metabolic rate of a fasting animal in an environmental temperature within the zone of its thermic neutrality bears a closer relationship to the exponential derived from its surface area than to some other exponential of its body weight. The best observed 88timations, as shown by Kleiber (1932 Kleiber ( , 1933 and by Brody and his colleagues (Brody and Procter 1932; Brody, Procter, and Ashworth 1934) , indicate that both the intraspecific and interspecific relationships between body size and metabolic rate follow the same l~garithmic law and that in animals ranging from the mouse to the elephant the heat productions during fasting are more uniformly proportional to the 0.73 power of their body weights than to their surface areas. The function WO.73* , where W is the bodyweight as defined above, has been employed in the following discussion as a parameter to relate the heat productions of sheep of qifferent body weights and as a basis for comparing their behaviour with that of cattle. .
III. THE RESPIRATORY EXCHANGE AND HEAT PRODUCTION OF THE SHEEP (a) Previous Observations
The respiratory exchange of the sheep received attention first in Paris when Lassaigne (1846a Lassaigne ( , 1846b Lassaigne ( , 1849a Lassaigne ( , 1849b Lassaigne ( , 1849c Lassaigne ( , 1849d , who was at that time interested in ventilation, attempted to estimate the CO 2 output of a young ram confined in a hermetically seal~d stall. Later Reiset (1863) Klein and Steuber (1923a, 1923b) determined the O 2 co.nsumption o.f a ram lamb during the perio.d when it subsisted entirely o.n the milk o.f its dam and during the transitio.n perio.d when it was being 'weaned, and Klein (1923a Klein ( , 1923b (Ritzman and Benedict 1930; Benedict and Ritzman 1931) . A similar study of the fasting metaholism of the sheep was carried out in this laboratory (Lines and Peirce 1931; Peirce 1934) . The aim of both of these investigations was to establish the "basal metabolism" of the sheep, and it was considered that this end had been achieved, but it clearly had not. Most of Benedict and Ritzman's estimations of the "standard metabolism" of sheep are derived from the respiratory exchange of groups (from 5 to 14 individuals) of animals confined in the chamber of' a large open-circuit respiration calorimeter designed for cattle. The observations were made " .•• during three or four 30-min. periods beginning 24 hr. after the last food intake." The conditions under which the experiments were carried out were not conducive to the state of repose which is a prerequisite for critical energy metabolism experiments. The authors were aware that their "standard metabolism" figures were not those of the hasal metabolism, but it was claimed that these would provide " ... a measure of heat production in which the stimulatory effect which ingeetionof food excites on energy production would be largely eliminated and from which the basal metabolism could be satisfactorily approximated." In summing up their findings Ritzman and Benedict stated that: "Determination of the probable basal · metabolism thus involves two corrections to our standard heat production; namely,2 per cent. for the stimulus due to food which still prevails at 24 hours after food ingestion and 15 per cent. for the effort of standing," and concluded that: "The evidence thus indicates that the standard metabolism values which are obtained here represent a uniform (sic) heat output which closely approximates 17 per cent. above the basal requirements in all animals except lambs which are allowed to suckle before the experiment."
The heat production of the ruminant is very materially affected by the fodder ingested 24 hr. previously, and in this respect it is distinct from that of the carnivorous animals and mixed feeders in which digestion, absorption, and the processes of intermediary metabolism responsible for the heat increment, are usually complete within 12-18 hr. after feeding. The mass of material in the paunch is not cleared each day, but, according to the nature and quantity of fodder consumed, is subject to diurnal gains and losses that determine its composition. During a period of fasting this mass continues to ferment, and for several days appreciable quantities Qf fatty acids arising from this activity are absorbed by the animal. The rate at which fermentation subsides to a level where the absorption of these products is so small as to no longer significantly influence the basal heat production of the animal is by no means constant: it is influenced by the previous level of feeding and by the nature of the fodder. In consequence, the "post-absorptive state," which is an essential prerequisite in the determination of the basal metabolic rate, cannot be assumed to have been reached at any fixed interval after the ruminant has fed. Lines and Peirce (1931) , who were not convinced that the 24-hr. period of fast adopted by Benedict and' Ritzman (1931) was sufficient to establish a postabsorptive state in the sheep, made their observations on "standard metabolism" after the animals had fasted for 48 hr. Their findings of the heat production of Merino sheep under these "standard conditions" were thus lower than the heat production of Durham* sheep observed by Ritzman and Benedict (1930) under the "standard conditions" of a 24-hr. fast. On these grounds, however, there is certainly no reason to assume "a distinct racial difference in that the Australian race is on the whole 13 per cent. lower than the Durham race" (Benedict 1938, p. 86) . Conclusions based on differences in the heat production of sheep after 24-hr. fasting (Benedict and Ritzman 1931) are unacceptable, and those based on the "standard conditions" of Lines and Peirce (1931) are by no means secure. The "standard metabolism" of a ruminant, if expressed as the heat produciion of the animal at rest in an environment within the zone of its thermal neutrality, observed at any defined interval after withdrawal of food, is physiologically meaningless in the absence of a complete definition of the previous level of feeding and of the nature of the fodder. This is an obvious conclusion from the observations discussed below.
In these experiments there was a full knowledge of the prefeeding regime. The subjects were trained animals thoroughly accustomed to the environment of the calorimeters, and the heat production was observed precisely and under critical conditions over the whole 24 hr. of the' fourth day of fast.
The choice of this interval of fasting was not arbitrary. Several preliminary experiments, in which the heat output of sheep was estimated at consecutive 24-hr. intervalst over periods which extended up to 12-14 days of fasting, revealed that at 72 hr. after feeding the R.Q. was usually between 0.71 and 0.70 and that the heat production had by this time reached an approximate asymptote, indicative of basal conditions, from which it receded slowly with the gradual onset of inanition. The animals employed for these preliminary experiments had previously been fed on a mixture of cereal and lucerne hay at a maintenance level.
The data relevant to the observations of the heat production during the 24-hr. period of the fourth day of fast (72-96 hr. after previous feed) are set out in Table l .
When the intake of this particular diet (541) tActually ' the 24·hr. intervals were computed from the respiratory exchange observed over 23! hr. of each 24 hr. The cha~ber was opened for t hr. each day to examine the animal ~nd to remove the excreta. 
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(2) (I) The R.Q. on fasting from low intake levels frequently falls below 0.707, due to the elimina· tion of carbonates in the urine. Where this has occurred the R.Q. is indicated in italics.
(2) As urinary nitrogen was not determined, the heat production was . estimated directly from and M = the observed heat production in kg. cal./ 24 hr. The data from which they are drawn are set out in Tables 3 and 4. the parameter WO. 73 varied but little about a mean of 68 kg. cal./WO.73/24 hr. This figure may be accepted with some confidence as a close estimate of the basal metabolism of the Merino sheep.
As the major part of the carbohydra.tes in diet 541 consisted of starch and sugar, fermentation in the rumen might be expected a priori to subside more rapidly than if the fodder had consisted essentially of more refractory fibrous materials, and so it is probable that "basal" conditions were reached in a shorter interval than they would have, had the sheep been taken from natural grazing and fasted for a similar period. But notwithstanding the relative ease with which this diet might be fermented, observed heat productions in period 4 indicate that basal conditions had not been reached after a 72-hr. period of fast from this high level of feeding. The R.Q.'s ranged about 0.74 and the mean heat production under these circumstances ' was 74.5 kg. cal./ WO.73/ 24 hr., a figure approximately 10 per cent. above the "basal" mean. This increase in heat production is, from analysis of variance, undoubtedly real. At least one reason for the increase is indicated by the raised R.Q.'s which were above those required for a critical estimate of the basal metabolism. These prove that fermentation in the rumen was still proceeding and that the products were being absorbed at a rate which might significantly influence the heat production of the animals; but it is not clear from these figures whether this factor was the whole cause of the raised metabolism. Further investigation of this point, however, indicated (vide infra) that it is probable that residual fermentation in the rumen under these conditions was the sole cause of the increased heat production.
The heat productions of the individuals when they had fasted after the 10 weeks of partial starvation imposed in period 1 were in every case decidedly lower than the "basal" figures predicted from the data obtained with the same animals after the feeding conditions of periods 2, 2A, and 3. Under these circumstances the observed heat productions varied about a mean of 59 kg. cal./ WO.73/ 24 hr. This lowered metabolic rate was with little doubt the effect of inanition. For 10 weeks previous to this fast the animals had received rations sufficient to provide only approximately a half of the available energy necessary to maintain them. During this period they derived and expended between 400 and 500 kg. cal. a day from their own tissues, and in consequence they had lost on an average over 2 kg. of fat and approximately 1 kg. of protein. At the time of the observations the tonus of their musculature was obviously reduced; they were weak and incapable of sustained effort.
When the experimental observations which constitute the main body of this paper were completed, five of the animals were employed in a study of the rate of change of heat production which supervenes on fasting from different levels of food intake. Three were provided with a ration of 541 sufficient to ensure an intake of available energy slightly in excess · of 2 maintenance; the intakes of the others were restricted to about ! maintenance. All were fed at these levels for 8 weeks, after which the heat production of each was observed over successive intervals of 24 hr. which for the well-fed animals extended over ENERGY TRANSACTIONS IN THE SHEEP 113 periods between 5-7 days and for the semi-starved animals from 4-6 days after feeding. The findings are set out in Table 2 , and the cogent information is (1) AI the urinary nitrogen was not determined, heat production was estimated directly from the observed R.Q. and the 02 consumption according to the relationship, graphed in Figure 2 . From these it is clear that the animals which had previously been fed at high levels had not reached basal conditions until after at least 6 days fasting; the heat production then approached the value 68 kg.
cal./WO. 73 /24 hr. Thus it seems probable that the increase in the 72-96-hr.
fasting metabolism observed in period 4 was due to the absorption of products arising from fermentation of residua in the rumen. Table 2 are plotted to illustrate the effect of the previous nutritional level on the fasting metabolism of the sheep. It is obvious in the case of 522 (B) and of 588 that the "post·absorptive condition" which is an essential prerequisite for a critical basal metabolism determination haa not been reached in the period 72·96 hr. subsequent to feeding at the high level (period 4, Tables 3 and 4) of intake of diet 541. The R.Q.'s which are shown indicate that fermentation in the rumen had not sub· sided in 72 hr. to a level at which the products no longer significantly influenced the basal metabolism. This explains the high heat production figures observed in period 4 (Table 1 ) and plotted as B" in Figure 3 . .
The inanition effect is obvious in the case of 572 and of 560, which had been fed at ! main.
tenance level for 8 weeks previous to the estimation. The heat production on fasting under basal conditions fell precipitately to a level considerably below 68 kg. cal.! W O•73 j24 hr., which is a critical estimate (vide text) of B, the basal (fasting) heat production of the sheep.
The heat production of the animals that had been fed for the previous term at the low level very rapidly fell to an asymptote mar,kedly below the "basal" level. This inanition effect will be referred to later when the heat production of animals which had subsisted for 10 weeks at the t maintenance level is discussed. The fact that the previous level of feeding influences materially the 24·hr. and 48·hr. fasting metabolism is obvious from these experiments and calls for no further comment.
ENERGY TRANSACTIONS IN THE SHEEP 115 (c) Energy Transactions in the Fed Sheep (i)
The Energy Available from Fodder, S41.-The figures relevant to the digestibility of this fodder and to the energy lost in the freees, urine, and methane, are set'out in Table 3 .
From these it is clear that when fed at the suhmaintenance level of period 1 the proportion of the energy available from this diet was apparently reduced below the mean observed at higher leve,1s of feeding. If the figures for period 1 are omitted the mean available energy derived from diet 541 was 70 per cent. of its gross combustible energy.
The proportion of the energy and nitrogen intake that was lost in the urine varied according to the amount of nitrogenous tissue being laid down by the animal during the period over which the estimation was made. This was inHuence' d to some extent by the previous nutritional history of the individual. It may be recalled that some of the experimental animals were fed at increasing levels and some at decreasing levels of intake (vide section on experimental regime) .
(ii) Methane Production and Rumen Fermentation.-The amount of methane evolved by the experimental animals on this diet fluctuated more erratically , than is normally the case when sheep are fed on more natural diets in which the greater part of the available energy is derived from cellulose. This behaviour , suggests an unstable milieu within the rumen. Over 50' per cent. of diet 541 consisted of the readily fermentable carbohydrates, starch, and sugars. The population of microorganisms that becomes established in the rumen when diets of this sort are fed, changes perceptibly from that which prevails when more refractory carbohydrate' s ' constitute the main substrate for fermentation. It is not improbable then that the end-products of the fermentation of starch under these conditions might differ from the dissim' ilation products of cellulose (Marston 1948) . If this were so the heat increment quota ofthe available energy derived from these sources might be expected to alter according to the nature of the products. In the case of the sheep' , the heat increment of the available energy from diets in which star~h (grain) predominates is very definitely lower than the heat increment of the available energy from diets which consist entirely of hay from which -the main ultimate sources of energy are cellulose, cellulosans, polyuronides, etc. As there is no doubt that in both cases the products of rumen fermentation are simple fatty acids, this difference in heat ' production presumably originates from an alteration of the ratio of these fatty acids. During the mechanical process of rumination some starch passes to the abomasum and so escapes fermentation. * From here it passes to lower levels of the intestinal ·This fact has recently been demonstrated by my colleagues, Messrs. F. V. Gray and I. ' G. Jarrett, who, in the course of investigating the composition of materials leaving the rumen, have observed easily detectable quantities of starch in the abomasal contents when the sheep has fed on rations containing large amounts of grain. -The contents of the a~omasum were collected via permanent Dstullll established approximately 8 months previously. (1) = the combustible energy of the fodder;
(2) == the 24·hr. mean combustible energy of the faeces passed during the 14-day collection period.
(3) = the 24·hr. mean combustible energy of the urine voided during the 14-day collection period.
(4) = the 24.hr. mean of the CH 4 produced during the 48·hr. periods before and after the !4·day collection period.
(5) = the combustible energy of the fodder minus the sum of the combustible energy of freces, urine, and methane.
(6) = available energy x 100 combustible energy of fodder (7) = the 24.hr. mean nitrogen content of the urine passed during the !4.day collection period. '"
..:
. 
(2) (3) (4) (5) (6) (1) W = body weight 96 hr. after feeding, reduced by weight of fleece.
(2) 1 = the available energy intake (cf. Table 3) . (6) and (7) are the intake of available calories 1, and the observed metabolism M, reduced to a common basis by the parameter Woo 73 .. tract where it is hydrolysed and absorbed as simple sugars which have comparatively little effect on heat production. The proportion of the starch that escapes in this way the inevitable losses due to fermentation in the rumen is at present not clear. The evide~ce that is presented below indicates that the heat increment of diet 541 is unchanged at all of the observed levels of feeding, and so, if a considerable quantity of starch does escape fermentation in the rumen, then it constitutes an extraordinarily constant proportion of the total amount in the diet which is unlikely when the mechanical processes of rumination are considered. It would appear then that the amount of starch which escapes fermentation is of no great significance in the overall ,digestive processes and heat production of the ruminant.
(d) The Heat Production at Different Levels of Feeding
The data relevant to the heat production at different levels of feeding set out in Table 4 allow a complete energy balance sheet to be computed for each animal, and a precise assessment to be made of the "heat increment" which ensues when ration 541 is fed to the sheep.
As the estimations were made on animals of different body weights, and as the body weights of the individuals altered materially during the course of the experiment, the relationship of the heat production to the intake of available energy is more readily appreciated if both are reduced to a common basis by the parameter W O • 73 • This procedure reduces the energy costs of the living processes (as manifested by the basal heat production) to a constant figure, and so facilitates the determination of the extra heat production which results from the energy transactions involved in the digestion and utilization of the fodder. The data treated in t~is way are plotted in Figure 3 . Figure 3 there is 'little doubt that the relationship between the heat production, ~3 ' and the available energy, W!.73 , is li~ear (vide infra) when the animalis drawing the whole of its energy requirement from the fodder (i.e. when W:' 73 ~ W~73)' Extrapolation of this line to the W~73 axis, i.e. to the point where the animal's sole source of energy is its own tissues, should indicate the basal energy requirement of the animal. The estimated heat production at this point would be equivalent to the energy spent on the physiological requirements of living, uninfluenced by the heat increment of the materials drawn upon to provide this energy. Thus {3, the "true basal energy" requirement expressed in terms of heat production, is less than B, the actual ~eat production under basal conditions, by the heat increment of the energy drawn from the body substance. (4) on p. 12~ from the data observed when the animals had been fed at levels either close to or above thei~ maintenance requirements. This regression has been extrapolated to the heat production axis to indicate the basal heat productio~, (3. The fasting heat production figures (observed over the interval 72-96 hr. after feeding) are plotted at the levels of intake previous to the fast. These observations fall into three classes: B, observed in this period of fast after the feeding conditions of periods 2, 2A, and 3, may he considered a critical estimate of the "basal metabolism" of the sheep (i.e. the energy necessary to support the physiological processes plus the thermodynamic costs of deriving this energy from the body substances drawn on as an energy source during complete abstinence from food) ; B U , observed on fasting after the highest level of intake, period 4, in which the post.absorptive state had not heen reached after a 72·hr. fast; and B', the fasting level observed under the conditions of partial inanition imposed by 10 weeks on the approximately half-maintenance rations of period 1. The heat production of the animal at sub maintenance levels is the basal requirement of energy, (3, plus the sum of the heat increment of the fodder and the heat increment of the tissue substances drawn on to make up the deficit in the basal energy requirement. This should fall between the lines joining the maintenance point on the regression with the intercept of Band B' on the heat production axis, its proximity to either of these lines being determined by the degree of inanition imposed by the previous nutritional history of the animal. The heat increment of the fodder may be determined directly from the slope of the regression.
(i) The Heat Increment of Energy Derived from Tissues during Fasting, and the Assessment of the True Basal Requirement of Energy.-From
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As f3 estimated in this way is close to 54 kg. cal./Wo.73/24 hr., and the observed heat production of the animal under basal conditions was close to 68 kg. cal./ Wo.73/ 24 hr. (vide supra), the heat increment ·is apparently close to 20 per cent. (100(6: 8 -54) = 20.6 per cent.) of the total energy drawn on and 'dissipated as heat during fasting. This 20 per cent. is seemingly the thermodynamic costs involved in the transfer of the materials which constitute the source of this energy into useful (productive) channels of intermediary metabolism.
(ii) The Heat Production at Sub maintenance Levels of Feeding.-From the preceding argument it follows that the apparent (observed) heat increment of the available energy from the fodder, when the intake is insufficient to milintain energy equilibrium in the animal, is the real heat increm.ent arising from the fodder plus the heat increment of the body substances drawn upon . to make up the energy deficit. In consequence, provided the animal is not in a state of inanition, the observed heat production at sub maintenance levels would be above that indicated by the ~egression line ( In the experiment under discussion the animals had been subjected for a period of 8 weeks to a level of food intake which provided less than half their maintenance requirement of energy, and so when the energy balance was deter-' mined the animals were suffering obvious effects of inanition. Their heat production on fasting was observed after 10 weeks at this level to be lowered to 59 kg. cal./ WO.73/ 24 hr. The mean heat production of the fed animals at the mean intake of 39. 5 (iii) The Heat Production Above Maintenance Levels of Feeding.-When the intake of fodder 541 was sufficient or more than sufficient for mainUma~ce, the heat produced by the experimental animals varied in direct proportion to the intake of available energy. Over the range studied (from close to maintenance to slightly over 2 maintenance) there was no indication that the relationship between intake of available energy and the heat output of the experimental animals varied in any regular manner from a straight line (d. The ohvious conclusion, then, is that a constant proportion of the energy available from anyone fodder is lost as heat increment. Clearly an upper limit to this direct relationship hetween heat production and energy intake would he imposed hy the maximum physiological capacity either to oxidize the fraction of the ahsorhed materials which gives rise to the heat increment, or to synthesize fat from the useful (productive) remainder. But it is apparent from these ohservations that such a limit was not even remotely approached. It is not improhahle that digestion and assimilation would he severely taxed and that appetite would fail hefore the efficiency of the intermediary metaholic processes involved in the utilization of the ahsorhed ~aterials would he impaired. When fodder 541 was offered ad lib., sheep refused to consume consistently f6r any considerahle period, more than would provide approximately two and a half times their maintenance requirements of energy, and there was nothing in their metaholic hehaviour at levels closely approaching this which would suggest any falling off in the overall efficiency of utilization.
. .
. (e) The Estimation of the Heat Increment
In the region ahove maintenance, the heat increment may he computed from the heat production and availahle energy intake at any two points on thc regression line (cf. Fig. 3 
I
The practical value of the latter means of estimation of the heat increment of a fodder hecomes clear. If f3 is known precisely, only one critical determination of the heat production ohserved at a known level of availahle energy intake ahove maintenance is necessary for an accurate assessment of the heat increment of any foodstuff. The linear regression relating the heat production, W~3'
and the intake of availahle energy, W:'73' would invariahly intefcept the W~3 axis at the point f3, and so, depending on the heat increments of the diets, these regressions would form a series of lines radiating from this point.
From the above data the heat increment of fodder 541 is 38 per cent. of the available energy. The available energy is .70 per cent. of the gross combustible energy of this fodder, and so the useful energy is 43.5 per cent. of the gross energy. As the combustible energy of the fodder is 4.50 kg. cal./ g., 1 g. dry weight of the fodder wOllld provide 1.95 kg. cal. of useflll ( pr~ductive) energy.
A .sheep at rest ,in an environmental tempera~ure within the zone of its thermal neutrality requires the useful energy equivalent of P, i.e. 54 kg.
caI./ WO. 73 / 24 hr. to maintain it. Any excess of useful energy fed over this quan~ tity will be retained by the animal in the form of protein, fat, or carbohydrate, or may be used for' production. If the quantity of useful energy provided by the fodder is insufficient for maintenance, the animal will lose energy and the a~ount of this loss will be equivalent to 125 per cent. of the useful energy deficit-tlte heat increment of the tissue substances drawn upon being 20 per cent. There is only one set of independent observations in the scientific literature that pn:wides suitable data for testing this hypothesis. Forbes and his colleagues (Forbes et al. 1928 (Forbes et al. , 1930 carried out, in Pennsylvania, a fine series of critically conceived and meticulously observed deter~inations of the heat output of 4 steers fed on rations composed of 50 per cent. lucerne hay and 50 per ce~t. grain (maize), at levels which, for most of the observations, ranged between t maintenance and 2 maintenance, two observations being made ' at 2t maintenance, and in one case at the very high level of 3 maintenance. The animals were fed at each level for 10 days b efore 18-day collections of the visible excreta were made, and the heat dissipated by the animals was determined ' by direct calorimetry immediately after the collection period.
The reported fi3Ures of body weight, W, . the available energy intake, I, and the . observed heat production, M. of these 4 steers at the levels above maintenance have been computed to the base WO.73 and plotted in Figure 4 , alongside the data from the sheep. The regression lines in both cases were determined as follows:
Let W~73 = y, the dependent variable, and ~.73-= x, the independent variable, and Y, be the predicted value of y when x = X i ' The coefficients in the regression equation Y,=y+b(x, -i) 
were determined by the method of least squares and are given by the arithmetic mean, y. and the regressi~n coefficient,
On either side of the plotted regressions in Figure 4 the confidence limits at a probability P = 0.05 are indicated. These were derived as follows:
The variate y is assumed to be normally distributed aboutY with constant variance (1"2 . Since Y is a linear function of normally and independently distributed quantities,
Substituting for (J2, its estimate S2 derived from S 2 = ------, the esti-
and the limits are given by the hyp~rbolae
where the statistic, t (Fisher 1925 ) has(n -2) degrees of freedom and is taken from the chosen level of probabllity. ' The data from the experiments of Forbes and his colleagues on the steer, treated in this way, gave a value of (3 = 51.85 with a standard deviation estimated approximately to be 3.38; the data from the observations on the sheep discussed above gave a value of' (3 = 54.56 with a similarly estimated standard deviation of 2.30. From this it may be concluded that the true basal energy requirements of the steer and' the sheep are related exponentially by a parameter to which WO.
73
is a clos~ approximation, and that within the experimental error involved in its determination the value of (3 derived in the above manner is close to 54 kg. cal./ WO.73/ 24 hr. This conclusion is quite independent of actual observations of basal (fasting) heat production. ' As there is no reasonable doubt that, above maintenance, the heat production/ available energy relationship is linear, the intercept, (3, at which the extrapolated regression cuts the heat production axis should indicate the true basal requirement of energy, provided that the heat increment of the fodder is the same above and below the maintenance point. The slope of the regression above this point might be expected a priori to be increased by the thermodynamic costs involved in the conversion of carbohydrate to fat. Existing knowledge of the course that this conversion takes in vivo is not precise, but the estimate that the free energy of the reaction is 6.3 per cent. * of the calorific .value of the glucose converted is probably a close approximation. . *This figure was computed by Bleibtreu (1901) from a hypothetical equation which assumed the maximum conversion of glucose to palmitic acid. It is employed in computing the heat production from the respiratory exchange when the R.Q. exceeds 1.00 (cf. Lusk 1915 Lusk , 1928 .
4.-ln tile above figure the regressions relating the intake of available energy with the heat production were derived by the means set out on p. 122. The data which refer to steers (oxen) were computed from the observations of Forbes and his colleagues (Forbes et al. 1928 (Forbes et al. , 1930 , who measured in the direct calorimeter the heat production of 4. steers after they had fed on rations composed of 50 per cent. lucerne hay and 50 per cent. maize at levels which ranged between maintenance and the very high level of 3 maintenance. The observations that Mitchell et al. (1932) made on an ox are shown as crosses. These were not included in the calculations as the diet was slightly different from that employed by Forbes et al. The data which refer to sheep are those set out in Tables 3 and 4 . The confidence limits plotted on either side of each regression indicate that the probability is P = 0.95 that this relationship will lie within these limits, and are given by the hyperbolae defined by expression (5) on p. 123. The data on which the calculations relating to cattle were based are the available energy, the observed (direct) heat output uncorrected for the energy expended in standing, and the observed body weight. These were reduced by WO.73, W here being the body weight of the fed animal and not, as in the case of the sheep, the body weight of the animal after it had fasted 3 days. For the observations on the steers n = 12 and t = 2.179 and 3.055 at the respective probabilities P = 0.05 and 0.01; for the observations on the sheep n = 25 and t = 2.060 and 2.787 at the respective probabilities P = 0.05 and 0.01.
Because the composition of the rations consumed by the steers was not identical with diet 541 which was fed to the sheep, the slopes of the regressions differ according to the heat increment of the fodder. The aim of the above comparison, however, is not concerned with the slopes of these regressions hut with the points at which they intercept the W~ 73 axis, which indicate the heat production arising from the energy spent in the animal organism by its basic lhting processes. I£ this 6.3 per cenl. is part of the ohserved heat increment ahove maintenance,the estimation of the true hasal metabolism from J3 would he .approxi, mately 6 per cent. high. There is no evidence, however, that the synthesis of fat hy the ruminant adds. materially to the other costs of utilization of the nutrients which constitute the source of availahle. energy. These, for most part, are simple fatty acids produced, at an expense of approximately 6 per cent. of the comhustihle energy of the suhstrate, hy fermentation of .carhohydrates (Marston 1948) , and the energy, dissipated in the process of fat production from the "us,-ful energy" of these fermentation products is prohahly a v~ry small fraction of the fr~e energy of the conversion of carhohydrate to fat. Thus, in, ruminants there is no cogent physiological or thermocliemical hasis which should lead to th~ conclusion that the slope of the regression would change at the maintenance point hecause of an increased heat increment due to iat formation.
The heat increment ahove maintenance might, however, he expected to he infl, uenced under certain circumstances when the animal produces relatively large quantities of protein .hy reassemhling and condensing the amino-acids arising from hydrolytic cleavage of protein in the fodder. The thermodynamic costs of these transactions are small compared with those involved in the kataholic destruction and utilization of protein as an immediate source of energy or for fat formation. The circumstances of' lactation, rapid growth, or wool production, would thus tend to decrease the heat increment hy a quantity equivalent to the specific dynamic effect of protein, retained as such or secreted, minus the energy costs involved in the synthesis of protein from amino-acids.
IV. THE PHYSIOLOGICAL BASIS OF CURRENT FEEDING STANDARDS
The standards of current feeding practice are· hased on two main systems that have heen used for the evaluation of the capacity of fodders to provide energy to ruminants-the Net Energy Principle of H. P. Armshy, which is employed in the United States, and the Starch Equivalence System of Oskar Kellner, which is employed in continental Europe and' in the United Kingdom. It is not proposed here to discuss in detail the relative merits of these gui' des to practical hush andry, hut to examine hriefly, and in light of the ahove findings, the physiological foundations upon which they are hased. Both investigators ,employed cattle as experimenial animals; tile former used a direct calorimeter and the latter an indireCt (respiration) calorimeter for the determination of heat production: .
Armshy estimate<l the value of fodders. ~n terms of their capacity to prevent loss of hody sUQstance, and so his ohservationll were made . at suhmaintenance levels of feeding. Kellne~. evaluated.fodders in terms of their capacity to provide for fat forIQation, and so ohserved the heat production of animals that had heen fed at levels ahove maintenance. As the hasic findings were not in agree-'ment, many attempts have heen made to reconcile the two sets of data. An explanation is suggested as a corollary from the ohservations of Forhes and his , HEDLEY R, lrlARS'J'ON colleagues (loc. cit.) . Using the fasting heat production as a base, Forbes concluded that "the heat production increased slowly between fasting and maintenance and much more rapidly above maintenance," and the fact that t4e metabolic phenomena below the maintenance level are influenced by the heat increment of the energy source drawn from the body wils recognized in the conclusion ,of Forbes and Kriss (1932) "that the curvature of the line representing the relation of heat production to food consumption between fasting and maintenance is determined by the excess of the waste heat of utilization of increasing food nutrients as compared with that of decreasing nutrients katabolized."
. The observations of Kellner are thus more simple to interpret than those of Armsby, whose computaiions were complicated by the apparent change in the value of the heat increment below the maintenance point which is a consequence of the use of the 'fasting metabolism as a base of reference. Wiegner and Ghoneim (1931) have att~mpted to interpret this phenomenon by assuming that the net eneI:gy of the fod~er changes with the level of feeding, and that the magnitude of this change d~creases from a maximum at zero intake to nil when the maximum efficacy (lfochstwirkung) is reached . . Their equation of this rdationship, ' dA -' . ' =K (H-A) dE in, which A = net energy, F = the available energy, H = the ,ma)C;imum net energy of the fodder, and K= an efficiency constant independent of the plane of nutrition, which assumes that ~1-decreases continuously as the food intake increases from the fasting level, is physiologically meaningless, and the attempts, by empirical choice of constants, to fit this type of curve to the well-obr:;erved d~t, aof Forbes a, nd 'his colle, agues~~e not convinci~g.
From the expl-rimental observations on the sheep discus, sed above there is dA no evidence that dF cHanges over'the range of F from t maintenance to 2 maintenance, the ~pparent alteration below mai~tenance being due to the heat increment of the body substances drawn upon to make· up the energy deficit.
V. GENERAL CONCLUSIONS The above findings are in general accord with Rubner's (1902) 'theory of energy metabolism which, inter alia, was based on the thermodynamics of intermediary metabolism. The specific dynamic effect (heat increment) of ration 541 was, within the experimental error involved inits determination, unchanged at different levels of feeding. The fact that it was a large proportion of the available energy implies strongly that the transfer of some at least of the absorbed materials, that constituted the energy source, into the cycles of intermediary metabolism involved very considerable thermodynamic costs, which overall were close to 38 per cent. of the energy available from the fodder at all levels of feeding.
The magnitude of the heat increment arising from the carbohydrate fermentation products that constitute the main energy source of the fed ruminant exceeds very materially the specific dynamic effect of simple sugars from which mixed feeders derive the greater proportion of their energy, and it is greater than the S.D. effect of protein with its contingent costs of elimination ' of the nitrogenous residues. The fermentation process per seis in part responsible for an addition to the heat increment, but it is unlikely that the free energy of the microbiological dissimilation of carbohydrate within the paunch greatly exceeds 6 per cent. of the combustible energy of the carbohydrate transformed (Marston 1948) , and this would account for only about 15 per cent. of the heat increment. It would appear then that the contribution made by the energy costs of utilization of some or all of these simple fatty acids is the main factor which determines the larg~ heat incre~ent of the energy ,available to the ruminant from its fodder.
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